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Abstract 


A semiempirical abrasion-ablation model has been successful in gen- 
erating a large nuclear database for the study of high charge and energy 
(HZE) ion beams, radiation physics, and galactic cosmic ray shield- 
ing. The version reported herein has coulomb trajectory corrections, 
improved transmission factors, improved surface energy corrections, and 
light fragment emission was added. The cross sections that are gener- 
ated are compared with measured HZE fragmentation data from various 
experimental groups. A research program for improvement of the data- 
base generator is discussed. 


Introduction 

An adequate and reliable nuclear database that 
assesses the quality of heavy ion beams for various 
technological efforts is needed. For example, the 
nuclear fragmentation properties of shielding mate- 
rials can alter the protection of astronauts by an or- 
der of magnitude through the selection of appropri- 
ate shield materials (refs. 1 and 2). The radiation 
quality of heavy ions, which is related to the ability 
to cause biological injury, is an essential parameter 
in high altitude commercial aviation, radiotherapy, 
microelectronic signal processing, and information 
storage. Understanding single event upset damage 
to microelectronic systems is becoming more impor- 
tant as more aircraft and spacecraft control functions 
are handled by microprocessors. This damage is of 
special concern for miniature spacecraft in which re- 
duced telemetry requires intensive onboard process- 
ing by low power microprocessors with large memory. 
Such small scale devices are very sensitive to single 
event upsets and evaluation of onboard shield worth 
is critical to an adequate design. The specification of 
the nuclear fragmentation cross sections is critical in 
all these applications. 

Over the years the theoretical description of 
nuclear fragmentation in heavy ion collisions has 
been described with abrasion-ablation models (refs. 3 
to 11 and recent work by Cucinotta, Townsend, and 
Wilson of Langley Research Center). In these mod- 
els, fragmentation occurs in two stages. In the fast 
abrasion stage, the projectile and the target over- 
lap and matter is sheared away from both nuclei. 
The remnants of the colliding nuclei are called the 
prefragments (projectile or target) and are assumed 
to be left in a state of excitation. The ablation 
stage is the description of the decay of the pre- 
fragment nuclei. The emphasis of these models is 
typically the prediction of inclusive mass yields of 
the final fragments that are observed. In the semi- 
empirical descriptions of these reactions (refs. 3 to 6), 
the overlap volume of projectile and target is esti- 


mated by using a classical approach. The excitation 
energy of the prefragments is estimated by using a 
surface distortion model with correction terms and 
energy transfer across the interface of the interac- 
tion zone. These models provide reasonable overall 
agreement with measured data; however, they lack 
a description of nuclear structure effects and a de- 
scription of the nuclear diffuseness related to skin 
thickness. A fundamental and more complex prob- 
lem is the degree to which the distribution of levels 
of prefragment nuclei must be considered to provide 
the correct description (ref. 5). 

Hiifner, Schafer, and Schiirmann used the 
Glauber model in a first attempt at formulat- 
ing a quantum mechanical abrasion-ablation model 
(ref. 7). In this model, closure is made on the fi- 
nal states of the target in describing the projectile 
fragmentation and the unobserved nucleons abraded 
from the projectile. Energy conservation is also ig- 
nored and a final closure approximation is assumed 
for the prefragment states that occur following the 
removal of a fixed number of nucleons. The advanta- 
geous factorization properties in the Glauber model 
of the nuclear amplitude then allow closed-form ex- 
pressions for the abrasion cross sections to be found. 
The Glauber model of the abrasion cross section can 
then be shown to correspond closely to the semi- 
empirical models when the abrasion cross section for 
a given product relates to the volume of the projec- 
tile and the target removed in their overlap. A study 
of the closed-form expression for the nuclear absorp- 
tion cross section in the eikonal form of the first-order 
optical potential model led to a recasting of the abra- 
sion model as an optical model by using the binomial 
distribution (refs. 8, 9, 12, and 13). A comparison of 
the abrasion cross sections (ref. 7) with the optical 
models (refs. 8, 9, and 12) reveals that the two differ 
only by the assumptions of coherence and closure in 
the projectile intermediate states. The optical mod- 
els being preferred for the sum rule on the abrasion 
cross sections to satisfy unitarity. 



The Glauber model or the optical model of abra- 
sion began to employ sophisticated evaporation or 
cascade/evaporation codes to describe the ablation 
stage. These codes rely on a correct average exci- 
tation energy to be used to start the evaporation 
process. A major shortcoming in the physical de- 
scription results from the use of closure on the pre- 
fragment final states in the Glauber model (ref. 7). 
In the Glauber model, all information on the distri- 
bution of the actual levels excited from abrasion in 
the prefragment state is lost and is replaced by an 
average state that is described uniquely by the abra- 
sion cross section and average excitation energy. For 
light prefragments (mass number (T) is less than 16) 
where nuclear structure effects are large and reso- 
nance levels separated by several MeV, the use of an 
average prefragment state is highly questionable. 

The use of a cascade model in the ablation stage 
is also noted. In the abrasion stage, nucleons in 
the projectile are knocked into the continuum by 
the target. These escaping nucleons will multiple 
scatter inside the projectile and cause further nucleon 
knockout. This process may be described as final 
state interaction (F SI) with the Moller operator and 
is expected to be highly dependent on the trajectory 
of the initial cascading nucleon (ref. 14). In the 
optical model (ref. 12) and the semiempiric al model 
(refs. 5 and 6), a final state interaction correction 
to the prefragment excitation energy has been used 
to mimic the cascade effect of projectile knockouts. 
It is unclear whether the cascade effects described 
by the Monte-Carlo codes for describing ablation 
are distinct from the FSI corrections that describe 
prefragment nuclei. It was further found in the 
semiempiric al model that statistical fluctuations in 
the FSI correction must be considered (ref. 5). 

In a more recent formulation of the abrasion- 
ablation model that uses the Glauber amplitude, 
three major improvements are made (refs. 10 and 11 
and recent work by Cucinotta, Townsend, and 
Wilson of Langley Research Center). First, energy 
conservation is treated in describing nuclear abra- 
sion. Second, the treatment of the excitation of spe- 
cific levels in the prefragments is considered for the 
first time. Here the prefragment excitation is consid- 
ered as a core excitation during the knockout stage of 
abrasion. By using fractional parentage coefficients 
to couple nucleons to the core (prefragment) in the 
projectile ground state, we expect that for many nu- 
clei the complex configurations of the nuclear ground 
state that result in virtual states of relative excita- 
tion are such that the core excitation is dominated by 
diagonal transitions to excited states of the prefrag- 
ment. As the number of nucleons lost in abrasion 


becomes large, the use of parentage coefficients to 
form the prefragment level spectrum wifi become in- 
tractable. For many nucleon knockouts, off-diagonal 
coupling is expected to become more dominant and 
statistical methods wifi become necessary to deter- 
mine the distribution of prefragment levels. The 
preequilibrium models developed by Feshbach et al. 
(ref. 15), Griffin (ref. 16), and Tamura, Udagawa, and 
Lenske (ref. 17) may be amenable to the description 
of the heating of prefragment nuclei in heavy ion col- 
lisions. The third development in the reformulation 
of the abrasion-ablation model is the description of 
cluster knockout in nuclear abrasion. This descrip- 
tion allows the treatment of nuclear structure effects 
in nuclear abrasion, which is important for many 
projectile and target nuclei of interest (C, O, and 
Ne). The reformulation also considers the momen- 
tum distribution for nucleon production from abra- 
sion (ref. 18) as well as ablation (ref. 19). Although 
this more systematic approach wifi ultimately meet 
the need for a high quality nuclear database, current 
interaction studies rely on the semiempirical model. 

The genesis of the semiempirical model is in the 
abrasion-ablation model of Bowman, Swiatecki, and 
Tsang (ref. 4) as discussed in references 5 and 6. 
In the development of the model, the transmission 
factors of a projectile and target were averaged and 
included to account for the mean free path in nu- 
clear matter (ref. 6). Then, a semiempirical higher 
order correction was given to the surface deforma- 
tion energy of the abrasion products (ref. 6) and the 
energy transfer across the interaction zone bound- 
ary was treated as a two- valued distribution (ref. 5). 
The final charge distribution of the fragmentation 
products was approximated by Rudstam’s formalism 
(ref. 6). The available experimental nuclear fragmen- 
tation data were very limited at the time of the first 
reporting of the model (ref. 6). The model agreed 
with experimental data to the extent that the exper- 
imentalists agreed among themselves. 

Since the inception of the NUCFRG model, ad- 
ditional experimental fragmentation cross sections 
(refs. 20 to 23) and thick target fluence data (refs. 24 
and 25) have become available for validation of 
the database. Incremental improvements have been 
made by including the coulomb dissociation con- 
tribution (ref. 26), an energy-dependent nuclear 
mean free path (ref. 27) based on the analysis of 
Dymarz and Kohmura (ref. 28), and the nuclear 
radii extracted from experimental charge distribu- 
tions (ref. 27). These improvements were included 
in the publicly released version of the HZEFRG1 
code (ref. 27). In addition to these improve- 
ments, the version of the code described herein 


2 



also includes the following. A coulomb trajectory 
correction that includes the effects of an energy 
downshift has been added (ref. 29). The trans- 
mission factor is evaluated at the maximum over- 
lap in the interaction zone. The spectator nucle- 
ons in the interaction zone are now assumed to be 
poorly bound to the spectators of the abraded frag- 
ment outside the interaction zone and undergo pre- 
equilibrium emission. A unitarity correction is made 
for targets with A > 63. Finally, a correction to 
the semiempirical excess surface distortion energy is 
made for light projectiles. 


by coulomb excitation, which is discussed by Norbury 
et al. (ref. 30). At smaller distances, the overlap of 
the nuclear densities strongly interact and mass is 
removed from th# projectile and the target. 

Abrasion Process Description 

The strength of the interaction varies over the 
interaction zone. The projected interaction potential 
on the impact plane is given as 

J F(R + z) dz ss <j Pp C P ( R) p T C T ( R) (6) 


In the report presented herein, the model data- 
base is compared with available experimental data. 
Weaknesses within the model are thereby uncovered 
and a research program for database improvement is 
outlined. 


Semiempirical Fragmentation Model 


The equation of motion for a low energy ion in a 
nuclear coulomb field is given by energy conservation 
as 


Et ot — 



a 2 Z P Z T e 2 

2 pr 2 r 


( 1 ) 


where Tjot is the total energy in the center of mass, 
r is the relative distance between the charge centers 
with time derivative i’,p is the reduced mass, f is 
the angular momentum, Zp and Zp are the atomic 
numbers of the projectile nucleus and target nucleus, 
respectively, and e is the electric charge. (That is, 
e 2 = 2 R y a 0 , where R y is the Rydberg constant and 
a 0 is the Bohr radius.) The angular momentum is 
given as 

( 2 = 2 p,Et 0 tb 2 ( 2 ) 


The distance of closest approach is given by equa- 
tion ( 1 ) for r — 0 as 


-Etot — 



Z P Z T e 2 

r 


which is written as 


(3) 


b 2 — r(r - r m ) 


(4) 


where 

ZpZj'e^ 

r m = — p 

-^tot 


(5) 


Note that r m is the distance of closest approach for 
zero impact parameter. 


At a given impact parameter, there is a distance 
of closest approach r for which the interaction takes 
place. When r is large, the interaction is dominated 


where R is a position vector in the impact plane, z 
is the longitudinal position component, a is the two- 
body cross section that includes Pauli blocking, p p 
and p T are the projectile and target mass density, re- 
spectively, and C'p(R) and C'j^R) are the projectile 
and target chord, respectively, at position R along 
z. (See ref. 31.) The amount of nuclear material re- 
moved from the projectile in the collision at a given 
impact separation is the volume of the overlap re- 
gion times an attenuation factor that is evaluated at 
the maximum product of the chords in equation (6). 
The formula for the number of participating projec- 
tile constituents in the interaction zone is 


Aabr = EA P [ 1 - exp(— C'V/A)] (7) 

where Ap is projectile mass number, A is mean free 
path, and Cp is the value of CpCR) that maximizes 
equation (6) and is given for r T > r p as 


x > 0 

( 8 ) 

x < 0 J 

win re; 

x — (rp + r 2 — rp)/(2r) (9) 

and r p and r T arf the projectile and target 
radius, respectively, and are related to the root- 
mean-square charge radius (r 1Tns ) of electron scat- 
tering ss 1.29 — 0.84 2 ^ (ref. 31). When 
r p > r T , the chord Cp is given as 


Cp - < 


— x 2 


I’j, — r 2 


( 10 ) 

0 J 

in which 

x — (i'j, + r 2 — rp)/(2r) (11) 

The quantity F in equation (7) is the fraction of 
the projectile in the interaction zone as given in the 


Cp — 


— x 2 


2 rp 


x > 
x < 
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appendix (refs. 5, 6, 32, and 33). (The b in ref. 5 is 
replaced by the r in the equations presented herein.) 
The number of projectile spectator constituents in 
the interaction zone is given as 

A spc = ApF exp(-C2’/A) (12) 

The spectator constituents are assumed to be only 
loosely bound to the projectile constituents outside 
the interaction zone. The nuclear mean free path is 
taken as 

A = 16.6/T 0 ' 26 (13) 

where E is the projectile energy in MeV/nucleon. 
(See refs. 27 and 28.) The charge ratio of the re- 
moved nucleons is assumed to be that of the initial 
projectile nucleus, an assumption that ignores polar- 
ization effects. 

Surface Distortion and Collisional 
Excitation 

The projectile constituents outside the interac- 
tion zone (spectators) retain the same relation among 
themselves after the collision as before the collision. 
(This retention of relationship is a sudden approxi- 
mation that is strictly applicable at higher energies.) 
The mass removed by the interaction has altered the 
overall stability of the spectators. This instability is 
related to the reduced binding energy when the nu- 
clear surface is other than its minimum energy spher- 
ical configuration. 

The excess surface area is given as 

AS — 47r?p[l + P — (1 — T) 2 / 3 ] (14) 

The functions F and P are defined in the appendix. 
(See ref. 32.) For small surface distortions AS in 
units of fnP, the excitation energy E f s in units of 
MeV is approximated by 

E' s — 0.95 AS (15) 

At the impact separations r <C r p +r T , the projectile 
spectator group is left far from equilibrium and the 
0.95 MeV/fm 2 coefficient requires correction that is 
taken herein as a semiempirical parameter / given by 

f = l + bF + [1500 - 320 (Tp - 12)] F 3 (16) 

where the quantity in the square brackets is limited 
to values between 0 and 1500. The cubic coefficient 
F 3 provides a correction for light projectiles that are 
unstable because of large surface distortions. The 
semiempirical surface excitation energy is then 

E S = E' s f (17) 


Note that the correction factor approaches 1 as A a ^ r 
becomes small. As before, we assume that fragments 
with a mass number of 5 are unbound, 90 percent 
of fragments with a mass number of 8 are unbound, 
and 50 percent of fragments with a mass number of 
9 are unbound. 

A second source of excitation energy is the trans- 
fer of kinetic energy of relative motion across the in- 
tersecting boundaries of the two ions. The: rate of 
energy loss of a nucleon when passing through nu- 
clear matter is taken as 13 MeV/fm (ref. 34). The 
energy deposit is assumed to be symmetrically dis- 
persed about the azimuth so that at the interface 

6.5 MeV/fm per nucleon is the average rate of en- 
ergy transferred into excitation energy. This energy 
is transferred in single particle collisions. In half the 
events, the energy is transferred to excitation energy 
of the projectile and in the remaining events, the 
projectile excitation energy remains unchanged. The 
estimate of this contribution is made by using the 
length of the longest chord C( in the projectile sur- 
face interface. This chord length is the maximum 
distance traveled by any target constituent through 
the projectile interior and is given by 

2 (rp + 2 ri’x — r 2 — r^) 1 / 2 (r > rp) 1 

2 rp (r < i’x) ) 

(18) 

Thg number of other target constituents in the par- 
ticipant and spectator interface may be found by esti- 
mating the maximum chord transverse to the projec- 
tile velocity that spans the projectile surface interface 
Ct which is given by 

C t = 2 (r 2 P - b 2 P fl 2 (19) 

where 

bp — (r 2 p + r 2 — ?-p)/(2r) (20) 

The total excitation energy transferred across the 
participant and spectator interface is then 

£' = 13Q + ^ 13Q(C/-1,5) (21) 

where the second term contributes only if C\ > 

1.5 fm. The effective longitudinal chord length for 
these remaining nucleons is assumed to be one third 
the maximum chord length. 

Nuclear Ablation 

The decay of highly excited nuclear states is dom- 
inated by heavy particle emission. In the present 
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model, a nucleon is assumed to be removed for every 
10 MeV of excitation energy and is determined by 


^abl — (E s + E x )f 10 + ^spc (22) 


where A spc are the loosely bound projectile specta- 
tors in the interaction zone that are emitted prior to 
the equilibrium deexcitation process. (See ref. 4.) In 
accordance with the previously discussed direction- 
ality of the energy transfer, the E x is double valued 
as 


K 


p — - 

■L X O 


E x = { 


0 



(23) 


where Pj is the corresponding probability of occur- 
rence for each value of E x in the collision. 



Figure 1. Nucleon removal number as a function of impact 
parameter in carbon-copper collisions. 


Nuclear Abrasion- Ablation Model 

The number of nucleons removed through the 
abrasion-ablation process is given as a function of 
impact parameter b as 

AT = A abr (6) + A abl (&) (24) 

The impact parameter is related to the impact sepa- 
ration r by equation (4) for a coulomb trajectory. 

A second correction to the trajectory calculation 
comes from the transfer of kinetic energy into bind- 
ing energy during the release of particles from the 
projectile. (Obviously, energy is also lost in releasing 
particles from the target, which we do not yet cal- 
culate.) The total kinetic energy in passing through 
the reaction zone is reduced to 

E f - E % - 10 AT (25) 

which assumes that 10 MeV is the average binding 
energy. The kinetic energy used in the closest ap- 
proach calculation is the average of the initial and 
the final energies and is given as 

E tot - l -(E t + E f ) - E { - i(10 AT) (26) 


The nuclear fragmentation cross sections dis- 
cussed herein are approximated as the abrasion- 
ablation model of Bowman, Swiatecki, and Tsang 
(ref. 4). The cross section for removal of AT nu- 
cleons is estimated as 

<j(AT) = 7T&2 — Kb\ (27) 

win re b 2 is the impact parameter for which the 
volume of intersection of the projectile contains A abr 
nucleons and the resulting excitation energies release 
A a bi additional nucleons at the rate of 1 nucleon for 
every 10 MeV of excitation so that 

A a br(&2) + A abl (6 2 ) = AT - l - (28) 
and similarly for b \ 

A abr (&i) + A abl (&i) = AT+± (29) 

The charge distributions of the final projectile frag- 
ments are strongly affected by nuclear stability. We 
expect that the charge distribution given by Rudstam 
(ref. 35) for a given <j(AT) to be reasonably correct 
as 


Obviously, £7 t otl as given by equation (26) is very 
crude and substantial improvements can be made. 
The values of AT for carbon projectiles on a cop- 
per target and for copper projectiles on a carbon 
target are shown in figure 1 for high energies. A 
real collision would be given by a statistical distribu- 
tion between the limits shown by these two curves. 
The average event will be calculated as if the two ex- 
tremes occurred with equal probability as noted in 
equation (23). 


<r{A F ,Z F ) = F\ exp \-B\Z f - SAF + TAlf^ rr(AA) 

(30) 

where the values of R — 11.8 /Ap, D — 0.45, S — 
0.486, and T — 3.8 X 10 -4 are taken from Rudstam 
and F\ is a normalizing factor so that 

5>(Tf,Sf) = <t(AT) (31) 

z F 
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The formula of Rudstam for <j(AT) was not used 
because his AT dependence is too simple and is not 
useful for heavy targets. For fragments with a mass 
of 9, the cross sections were reduced by a factor of 
2.6, and for fragments with a mass of 7, cross sections 
were increased by a factor of 1.25 and distributed 
between 'Li and 'Be with factors of 0.52 and 0.48, 
respectively. 

The charge of the removed nucleons A Z is calcu- 
lated according to charge conservation 

A Z = Z P - Z F (32 ) 


where the term i ranges over the mass numbers 2, 3, 
and 4 for ablated particles. 

The calculation is performed for AT = 1 to 
AT = Ap — 1 for which the cross section associated 
with AT > Ap — 0.5 is missed. This missed region 
corresponds to the central collisions for which it is 
assumed that the projectile disintegrates into single 
nucleons if rp < r E then 

N p = Z P (38) 

and 


where Zp is the charge of the fragment and Zp is 
the charge of the projectile. The charge is divided 
according to the following rules among the nucleons 
and the light nuclei produced by the interaction. The 
abraded nucleons are those removed from the por- 
tion of projectile in the overlap region. Therefore, 
the abraded nucleon charge is assumed to be propor- 
tional to the charge fraction of the projectile nucleus 
and is given as 


Z abr - Z P Aabr / A P ( 3 3 ) 

This assumption, of course, ignores the charge sep- 
aration due to the giant dipole resonance model of 
Morrissey et al. (ref. 33). The charge release in the 
ablation is then given as 

^abl = AZ - Z abl . (34) 

which conserves the remaining charge. Similarly, 
mass is conserved to obtain T abb 

The alpha particle is unusually tightly bound in 
comparison to other nucleon arrangements. Because 
of this unusually tight binding, the helium produc- 
tion is maximized in the ablation process as 


N n — Ap — Zp (39) 

Otherwise, this missed region is ignored. The ener- 
getic target fragments are being ignored as well as the 
mesonic components. The peripheral collisions with 
AT < 0.5 are also missing. The most important pro- 
cess in these collisions with large impact separations 
will be the coulomb dissociation process (ref. 30). 

Electromagnetic Dissociation 

The total electromagnetic cross section for one 
nucleon removal that results from electric dipole [El) 
and electric quadrupole (E 2) interaction is written as 


^em — 7 El + 17 E2 

= / Wei (E)<t e i (E) + N E2 (E) <t E 2 (E)] dE 

( 4 °) 

where the virtual photon spectra of energy E pro- 
duced by the target nucleus are given by 


N ei (E) 


] 2 
Tv ir 



^EqKi 




(41) 


for the dipole held and by 


N a = [Int(Z abl / 2), Int(T abl / 4)l millimiim (35) 

where Int ( .u ) denotes the integer part of x. The 
other light isotopes are likewise maximized from the 
remaining ablated mass and charge numbers in the 
order of decreasing binding energy. The number of 
protons produced is given by charge conservation as 

N P - ^ a bl - E z i N i (36) 

i 

Similarly, mass conservation requires the number of 
neutrons produced to be 

N n — T abl — N p — E WN-i (37) 


v - !/l rl z " n ■, 


■2(1 -p 2 ) IA 


+ t(2 - p 2 ) 2 KqKi - -ep 2 (h T - Aq ) 


(42) 


where a is the fine structure constant for the 
quadrupole held. (See ref. 36.) The terms <t E i(E) 
and a E2 (E) are the corresponding photonuclear re- 
action cross sections for the fragmenting projectile 
nucleus. The terms A’o and A’i in the: expression for 
N E i and N E2 are modified Bessel functions of the 
second kind and are also functions of the parameter 
^ with 


£ = 


‘PltEbr, 


j/3hc 


(4S) 
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where E is the virtual photon energy, bj^ is the 
minimum impact parameter below which the colli- 
sion dynamics are dominated by nuclear interactions 
(rather than electromagnetic (EM) interactions), /3 is 
the speed of the target (measured from the projectile 
rest frame) as a fraction of the speed of light c, ft is 
Planck’s constant, and is the Lorentz factor from 
special relativity that is given by 7 = (1 — /t 2 ) -1 / 2 . 
The minimum impact parameter is given by 


In equations (48) and (49), Np is the number 
of neutrons, Zp is the number of protons, and Ap 
is the mass number of the projectile nucleus. The 
fractional exhaustion of the energy weighted sum rule 
in equation (49) is (ref. 34) 

f 0.9 (A P >100)] 

/ = < 0.6 (40 < Ap < 100) > (50) 

{ 0.3 (40 < A P ) J 


7TCVo 

^min — (1 T X d) ^ c T “X 

Z/'y 


where xg — 0.25 and 


Z pZp€^ 

m-o/3 2 c 2 


(44) 

(45) 


allows for deviation of the trajectory from a straight 
line (ref. 37). The critical impact parameter for single 
nucleon removal is 


b c = 1.34 [.4p /3 + a]I 3 - 0.75 (.4p /3 + Ty /3 )] (46) 


where b c is in units of fm and Ap and Ap are 
the projectile and the target nucleon mass numbers, 
respectively. 

The photonuclear cross sections <t E i(E) and 
up 2 (E) are Lorentzian shaped and somewhat sharply 
peaked in energy. Therefore, the photon spectral 
functions can be taken outside the integral of equa- 
tion (40) to yield an approximate form given by 
(ref. 36) 


(Jem ~ N E i(E GDR ) j a El (E) dE 

+ Ne2(Egqr) Eqq R J a E2 (E) (47) 

where £gdr. and Eqqp.. are the energies at the 
peaks of the giant dipole resonance (GDR) and gi- 
ant quadrupole resonance (GQR) photonuclear cross 
sections, respectively. These integrals of photonu- 
clear cross sections over energy are evaluated with 
the following sum rules: 


In equation (47) £gdr. and Eqq R are the energies 
at the peaks of the GDR and GQR photonuclear 
cross sections. For the dipole term it is 


Ennn — - — 


ftc f ?Jl*C 2 i?n 


1 t ; 4 3 U 

1 + u e 

1 € T U 


which is expressed in units of MeV with 


_ a- 1 / 3 


Rq = r 0 A 1 ' 3 


where e = 0.0768, Q f - 17 MeV, J - 36.8 MeV, 
?*0 = 1.18 fm, and m* is 7/10 of the nucleon mass. 
(See ref. 34.) For the quadrupole term, it is simply 
given by 

Egqr = (54) 

A p 

which is expressed in units of MeV. 

Finally, the single proton or single neutron re- 
moval cross sections are obtained from <j em (eq. (47)) 
with proton and neutron branching ratios g p and g n , 
respectively, as 


<?(i) - yi&e 


(i — p or n) 


The proton branching ratio has been parameterized 
by Westfall et al. as 

g p — min —,1.95 exp ( — 0.075-Zp) (56) 

[A P 


Ja E1 (E)dE= 60^^ (48) 

which is expressed in units of MeV-mb and 

J <T E2 (E) d ^ = Q:22 fZpAf (49) 

which is expressed in units of pb/MeV . (See ref. 36.) 


where Zp is the number of protons, and the mini- 
mum value of the two quantities in square brackets 
is taken. (See ref. 34.) This parameterization is satis- 
factory for heavier nuclei (Zp > 14). For light nuclei, 
however, the following branching ratios are used: 

( 0,5 (Zp <6)1 
9p = < 0.6 ( 6 <Z P < 8 )i (57) 

[0.7 (8 < Zp < 14) J 
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For neutrons, the branching ratio is given by 

9n- 1 - 9 P (58) 


Database Evaluation 

Measurements have been made for carbon ion 
beams on carbon target at the four energies of 
250 A MeV (ref. 38), 600 A MeV (ref. 22), 1.05 A GeV 
(ref. 39), and 2.1 A GeV (ref. 39) and are shown in 
figure 2 with results from NUCFRG2. These frag- 
mentation cross sections are among the best known 
(ref. 40). The effects of the coulomb trajectory are 
clearly apparent in the energy dependence of the 
lighter mass fragment cross sections of Li and Be 
below 100 A MeV. These coulomb effects will be 
even more important for projectiles and targets with 
greater charge. Figure 3 shows the NUCFRG2 model 
at very low energy (11.7 A MeV) for 16 0 projectiles 
onto an 92 Mo target win re coulomb trajectory cor- 
rections are very important (ref. 40). The cross sec- 
tions of the resulting charge removal seem well repre- 
sented by NUCFRG2 even at such low energies. The 
addition of exchange poles to the model would bring 
the cross sections of A Z — 0 into agreement, which 
can be judged by the proton exchange pole contribu- 
tion for A Z — —1 as shown in figure 3. Clearly, the 
model gives a far better result than expected. 

There are three projectile and target combina- 
tions for which two groups, 1.55 A GeV (ref. 20) and 
1.88 A GeV (ref. 34) have measured cross sections at 
nearly the same energy. On the basis of NUCFRG2, 
very small cross section differences are expected at 
these energies. (See fig. 2.) The cross sections from 
NUCFRG2 tend to agree more closely with the ex- 
periments of Westfall et al. (ref. 34) and are 10 to 
50 percent higher than those measured by Cummings 
et al. (ref. 20) as shown in figures 4 to 6. However, 
for charges between 10 to 13, NUCFRG2 agrees more 
closely with the data of Cummings et al. 

To better quantify the comparison of results 
shown in figures 4 to 6, a chi square analysis is used. 
A comparison of NUCFRG2 model with the exper- 
iments of Westfall et al. (ref. 34) and Cummings 
et al. (ref. 20) is shown in table 1 for iron projec- 
tiles on three targets. Shown in table 1 are the total 
chi square value and the average chi square contribu- 
tion per degree of freedom n. Clearly, the data for 
producing Al fragments in the Westfall et al. exper- 
iments show large systematic errors and is the dom- 
inant contribution to the chi square value. Except 
for the Al datum, the model shows good agreement 
with the data of Westfall et al. for carbon and copper 



Energy, MeV/nucleon 


Figure 2. Charge removal cross sections for carbon ions on a 
carbon target as a, function of projectiles ejleigy. 



0 2 4 6 8 10 12 

Charge of fragment ( Zp ) 


Figure 3. Charge-removal cioss sections for 1 1.7 A MeV l0 O 
projectiles onto 92 Mo target^,. 


targets. The greater discrepancy for the lead targets 
surely results from simplified nuclear matter distri- 
bution in NUCFRG2. A diffuse model instead of 
the uniform spheres of the NUCFRG2 computation 
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O Experimental data at 1.55 A GeV (ref. 20) 
+ Experimental data at 1.88 A GeV (ref. 34) 
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Figure 4. Charge removal eross sections for Fe ions on a 
earbon target compared with measurements by Westfall 
et al. and Cummings et al. 


Figure 6. Charge removal eross sections for Fe ions on a lead 
target compared with n ea-urement s In Westfallet al. and 
Cummings et al. 
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Figure 5. Charge removal cross sections for Fe ions on a, 
copper target compared with measurements by Westfall 
et al. and Cummings et al. 


is recommended. This growing discrepancy with in- 
creasing target mass leads to a lack of unitarity given 
by the condition 


A P o’abs = A ‘ a ‘ ( 59 .) 


In generating nuclear data for transport studies, a 
correction is applied to targets with a charge num- 
ber greater than 29 to ensure mass conservation. 
Comparing the NUCFRG2 model with the data of 
Cummings et al. shows similar trends with target 
mass, but the overall agreement with the data of 
Cummings et al. is inferior to agreement with the 
data of Westfall et al. as we have noted in the dis- 
cussion of figures 4 to 6. 

The chi square analysis has been used to compare 
how well one experimental group compares with the 
results of another group. These results are shown in 
table 2. From table 2, it is clear that the NUCFRG2 
model better represents the two sets of experimental 
data than either experimental data set represents the 
other. The systematic errors led to a chi square per 
datum of 10 to 15, which might be used as a measure 
of goodness of fit of the NUCFRG2 model. 

The fragmentation cross section for several pro- 
jectile species on carbon targets at several energies 
are shown in table 3 (refs. 19 to 22, 34, 38, and 41). In 
the table, cross sections for the fragment charge, the 
mass for isotopic measurements, the statistical uncer- 
tainty, the results of NUCFRG2, and the chi square 
per datum are shown. If the error in the experimental 
data were only statistical, then a chi square per da- 
tum value of 1 to 2 would be appropriate and a data 
set with near zero would be viewed with suspicion. 
Clearly, large values of chi square per datum indicate 
possible systematic errors or errors in the NUCFRG2 
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model and it is difficult to make a clear judgment 
in all cases. Although the 12 C projectile isotonic 
breakup cross sections fit the data perhaps too well, 
the isotopic distributions of NUCFRG2 are distinctly 
different from the experiments in most cases. 

Unlike the 12 C projectiles, the isotonic and the 
isotopic fragmentations of 16 0 are outside the statis- 
tical uncertainty of the experiments. The 23 Na and 
24 Mg fragmentations show a strong even-odd effect 
on fragment charge, which are not well represented 
in the results of the NUCFRG2 model. The more 
massive projectiles of 40 Ar and 56 Fe are better rep- 
resented by the NUCFRG2 model for the isotope dis- 
tributions. The isotonic fragmentation cross sections 
for 56 Fe on carbon targets are represented well by the 
NUCFRG2 model. 

The isotopic distributions of light fragments 
shown in table 4 are improperly distributed in the 
breakup of 12 C projectiles on numerous targets. In 
particular, the isotopes of B are produced in dispro- 
portionate numbers for all targets. We also note 
that the cross sections from the NUCFRG2 model 
for heavier targets are systematically low and proba- 
bly result from the assumption of uniform spheres in 
the nucleus (ref. 31). This error is corrected in the 
model presented herein by applying a renormaliza- 
tion factor Nf> to individual fragment cross sections 

Nr - A p <j abs / ]T Aj <jj (60) 

3 

wher# p denotes the projectile and j the fragment. 
This unitarity factor is used in the final database 
but is not included in tables 1 to 7. 

The light fragment distributions through carbon 
isotopes ar# -examined best by comparing the 16 0 
breakup cross sections. We again suspect signifi- 
cant nuclear structure effects that are not well rep- 
resented by the Rudstam formalism. Heavier targets 
show larger differences with the NUCFRG2 model 
presented herein because of effects of the diffuseness 
at the nuclear surface. The poor representation of 
the isotopic distribution of light fragments persists 
in the 42 Ar fragmentation in KC1 shown in table 6. 

The remaining 56 Fe fragmentation data in table 7 
are the measurements of Westfall et al. (ref. 34) and 
Cummings et al. (ref. 20). Generally the NUCFRG2 
model agrees with the two experiments (at least, to 
the degree that they agree with each other) except, for 
the few spurious data points in the data of Westfall 
et. al. The model is most, accurate for light, targets. 

The variation of chi square per n over the avail- 
able experimental data is summarized in table 8. Re- 


call that the estimate of systematic experimental er- 
ror obtained by comparing the Westfall et. al. iron 
data with that of Cummings et. al. gives the experi- 
mental chi square per n of 4 to 12. The corresponding 
model chi square per n for NUCFRG2 for these ex- 
perimental data sets is from 2 to 7, which shows that 
NUCFRG2 tends to split, the difference between the 
two experiments. The iron fragmentation for targets 
below suffer show comparable model chi square per n 
between 2.3 and 7.4. The model chi square per n for 
targets above suffer indicate systematic model errors, 
which need to be resolved. Clearly, the current, ex- 
perimental data are adequate as a measure of model 
improvement.. However, current, experimental accu- 
racy is inadequate to evaluate the resulting nuclear 
database to the accuracy required for shield design. 

More recently, fragmentation cross sections were 
measured at the Lawrence Berkeley Laboratory for 
600 A MeV iron beams on 2-cm-thick polyethylene 
( CH 2 )i’ targets (ref. 41). The results are shown 
in figure 7. A systematic error was introduced by 
an electronic trigger inefficiency to fragments lighter 
than Ne. The chi square per datum for fragments 
heavier than Ne is 3 X 10 -4 , while for the complete 
data set. the chi square per datum is 6 X 10 -4 . 


O NUCFRG2 



Figure 7. Charge removal cross sections for Fe ions at 600 A 

MeV in polyethylene. 

The comparison of the NLICFRG2 model with the 
measured fragmentation cross sections mainly tests 
the dependence of <j(AA) and the applicability of 
the formalism of Rudstam for the charge distribution. 
A more sensitive test, of the model representation of 
the ablation process is to compare the numbers and 
the types of particles produced. The multiplicities 
of the charged reaction products were measured by 
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Multiplicity Multiplicity 

(a) For Z > 1. ( b) For Z — 2. 



Multiplicity 


Multiplicity 


(c ) For Z — 1 . 


(d) For Z > 3 . 


Figure 8. Relative probabilities for multiplicity of various charge states for 


56 Fe ion beams in nuclear emulsion. 


Dudkin et al. (ref. 42) and are shown in figure 8 for 
comparison with calculations with the fireball model 
(ref. 43) and the version of NUCFRG2 presented 
herein. The primary difference between the two mod- 
els is the semiempirical correction to the excitation 
energy required by the NUCFRG2 model to fit the 
atmospheric air shower data (ref. 42) and the imple- 
mentation of the deexcitation process. 

As shown by Dudkin et ah, the fireball model 
shows even qualitative differences in the frequency 
distribution of multiplicities in nuclear emulsion 
when compared with the experimental results 


(ref. 42). In general, the fireball model over- 
estimates the events of low multiplicity and cor- 
respondingly underestimates the high multiplicity 
events. The NUCFRG2 model gives a much im- 
proved distribution of events, although the predicted 
number of high multiplicity events appears greater 
than is seen experimentally. However, the resolution 
of the multiplicity when many high-energy secon- 
daries are produced at one apex is not good. Clearly, 
if some of the observed several prong events were in 
fact of higher multiplicity, then good agreement be- 
tween the NUCFRG2 model and the experiments is 
conceivable. 
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Concluding Remarks 

The analysis of experimental data of iron beam in- 
teractions in polyethylene and aluminum targets has 
resulted in an improved semiempiric al model for nu- 
clear database generation. However, this analysis is 
still unable to unambiguously resolve differences be- 
tween various experimental groups that use the same 
projectile and target combinations. Further improve- 
ments to the basic model have been made as a result 
of the presented evaluation. These improvements are 
correcting the charge distributions in the formulation 
of Rudstam for light nuclei where shell structure ef- 
fects cause important deviations from simple system- 
atic behavior. Even with these improvements, there 
is need for improved target mass dependence where 
the skin diffuseness is suspected to require further 
correction. 

There are two approaches to improve the gen- 
eration code of the NUCFRG2 nuclear database. 
The first is incremental improvements to the semi- 
empirical model. The second approach is more radi- 
cal and involves the further development of quantum 
based methods. Ultimately, model development is 
still limited by the systematic errors in the experi- 
mental fragmentation data and the paucity of exper- 
imental data. 

The semiempirical model is first limited by the 
assumed uniform nuclear matter distribution. This 
assumption is the main source of nonconservation 
of mass and charge for massive targets that is tem- 
porarily corrected by forcing unitarity; however, a 
fully correct description must replace the uniform 
sphere model with realistic nuclear density distribu- 
tions. Although ad hoc corrections have been made 
for structure effects in the low mass fragments (mass 
number less than 10), errors remain in the isotope 
distributions lighter than Ne. Improved methods 
for representing the distribution of excitation energy 
and corrections to Rudstam’s distribution will be re- 
quired. The distribution of mass and charge in the 
final ablation products depends on the excitation 
energy. Although the multiplicities are reasonable 
and are greatly improved over the fireball model, the 
agreement with atmospheric air shower data might 
be improved. 

The microscopic description of nuclear fragmen- 
tation proceeds from a multiple-scattering theory 
(MST), a description that uses the Glauber or 
eikonal approximation of the multiple-scattering se- 
ries, which results from a systematic reduction of rel- 
ativistic MST or a nonrelativistic MST. A relativistic 
or nonrelativistic model may be cast as a distorted- 


wave series by using an average optical potential for 
elastic transitions. 

A very difficult task still remains in treating mul- 
tiple inelastic transitions that occur in heavy ion frag- 
mentation. The difficulty arises first because of the 
many irreducible diagrams that contribute to any 
integral equation that would be formulated. Typi- 
cally, integral equations of six or more dimensions 
will occur for inelastic transitions. This occurence 
of six or more dimensions is in comparison with the 
3-dimensional integral equations that appear in the 
optical model formulation of elastic heavy ion scat- 
tering. Also, a perturbative approach becomes diffi- 
cult because of the large number of terms required for 
heavy ion scattering and the complexity of summing 
over intermediate state variables. 

A more practical approach is to use the forward 
scattering assumptions of the eikonal model, which is 
expected to be valid at high energies. This approach 
allows for closed-form expressions to be derived for 
the multistep processes. Here, the eikonal approx- 
imation can be applied in both the nonrelativistic 
MST or a relativistic MST. A relativistic eikonal 
model could allow the effects of negative-energy 
states on nuclear fragmentation to be considered. A 
study of the one- and two-step contributions to frag- 
mentation could be made in the relativistic or non- 
relativistic models to provide a test of the validity 
of the eikonal approximation and the neglecting of 
off-shell effects. In all of the approaches mentioned, 
a treatment of meson and antinucleon production in 
the MST should be considered. 

An alternative to the use of an MST or the 
Glauber model in formulating the fragmentation 
process is to derive transport equations from an 
MST. In the MST, it is difficult to include the 
cascade of projectile knockouts through the pro- 
jectile prefragments. In nucleon-nucleus scattering, 
the number of cascade particles is small at low to 
medium energies that are typical of the relative en- 
ergy expected between knockouts and prefragments. 
However, the multiple-scattering cascade terms will 
depend strongly on the initial trajectory of the 
knockouts, which will lead to a heavy computational 
burden. A derivation of the simple final state in- 
teraction (FSI) corrections may help to simplify an 
MST approach. The transport models are a more 
tractable approach to the cascade problem. These 
models are usually used to study the knockout spec- 
trum of nucleons. In some cases, the spectrum of 
residual energies after the cascade is used to predict 
the final fragment mass yields. The reliance upon 
classical methods that ignore quantum effects and 
the use of Monte-Carlo simulations that require large 
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computational times may limit the usefulness of this 
approach. 

In describing the abrasion-ablation process, the 
dynamical model of choice should be used to formu- 
late the creation of the prefragment state. in an arbi- 
trary configuration. The description of the prefrag- 
ment configuration requires the variables mass and 
charge number, the distribution of excitation ener- 
gies, and the spin to be complete. This description 
should distinguish whether the creation of the pre- 
fragment occured after multistep nucleon removal or 
cluster removal and predict the correct yields and the 
energy spectrum of light fragments in the reaction. 
Such a description would require a large amount of 
nuclear structure input. For example, the study of 
cluster abrasion requires a more detailed description 
of the nuclear ground state than the independent par- 
ticle model. The development of the formalism for 


overlap function of the nuclear ground state for com- 
peting cluster configurations is required to aid the 
description of the abrasion process. Clearly, nuclear 
shell effects will be more correctly described in such 
a formalism. Much information on the level densities 
and decay modes of nuclei is well known, although 
the treatment of extremely high excitation energies 
is less understood. Also less understood is whether 
there is a one-to-one correspondence between the de- 
cay of excited prefragments produced in heavy ion 
fragmentation and the equilibrium decay treated by 
statistical methods. Further studies in these areas 
should be made. 


NASA Langley Research Center 
Hampton, VA 23681-0001 
July 7, 1995 
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Appendix 


Abrasion Model Formula 

Two functions F and P used in the formalism given in the text are described in this appendix. For rp > rp, 
where rp is target radius and rp is projectile radius, we have 


and 


with 


and 


P = 0.1251^ (i- 2 ) (i^l) 


- 0.125 


0.5(j«/) 1/2 f ^ - 2j +1 


1 -/? 


(Al) 


F - 0.75(1 - v) 1 !' 2 ( - — - j - 0 . 1 2 5 [3 ( 1 - v) 1 ! 2 - 1] — - 


(A2) 


v — r P /(rp + r T ) 
/3 - b I (r P + r T ) 


(A3) 

(A4) 


// = (1/jy) - 1 = r T/rp 


(A5) 


(See ref. 32.) Equations (Al) and (A2) are valid when the collision is peripheral ( i.e. , the two nuclear volumes 
do not completely overlap). In this case, the impact separation r is restricted so that 


r T ~ r P < r < rp + rp 


(A6) 


If the collision is central, then the projectile nucleus volume completely overlaps the target nucleus volume 
(r < rp —rp), and all the projectile nucleons are abraded. In this case, equations (Al) and (A2) are replaced 

by 

P = - 1 (A7) 


and 


F - 1 


(AS) 


and there is no ablation of the projectile, because it was destroyed by the abrasion. 

For the case where rp > rp and the collision is peripheral, equations (Al) and (A2) become 


and 



F — 0.75(1 — v) 1 ! 2 

_ [1 - (1 - a* 2 ) 3 / 2 ][1 - (1 - A*) 2 ] 1 / 2 | 


where the impact separation is restricted so that 

r p — r T <r< r p + r T 


(A9) 


(AlO) 


(All) 
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(See ref. 33.) For a central collision (r < r p — r T ) with r p > r p , equations (A9) and (A10) become 


and 



(A12) 


(A13) 
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Table 1. Chi Square Analysis of Iron Fragmentation Model 



NUCFRG2 and Westfall et al. 

NUCFRG2 and Cummings et al. 

System 

x 2 

X 2 without Al data 

X 2 /n 

Tin without Al data 

x 2 

Tin 

Fe + C 

50.2 

16.0 

5 

1.8 

48.3 

3.7 

Fe + Cu 

200.6 

22.9 

20 

2.5 

78.4 

6.0 

Fe + Pb 

177.4 

56.2 

18 

6.2 

83.1 

6.7 


Table 2. Chi Square Analysis of Iron Fragmentation Experiments 



Westfall et al. and Cummings et al. 

Cummings et al. and Westfall et al. 

System 

x 2 

X 2 without Al data 

x 2 /» 

Tin without Al data 

x 2 

X 2 without Al data 

T'n 

% 2 /n without Al data 

Fe + C 

85.6 

43.3 

8.6 

4.8 

54.6 

33.6 

5.5 

3.7 

Fe + Cu 

424.4 

108.4 

42.4 

12.0 

160.3 

69.4 

16.0 

7.7 

Fe + Pb 

348.8 

79.5 

34.9 

8.8 

143.1 

55.8 

14.3 

6.2 


18 











Table 3. Chi Square Analysis of Fragmentation Cross Sections of Projectile Ions on Carbon Targets 

[See page 32 for footnotes] 








Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 

Projectile 

charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

n B 

326 A MeV a 

4 


105.9 

1.59 

99.31 



3 


30.1 

.45 

56.84 

6.508 

12 C 

250 A MeV b 

6 

11 

55.97 

4.06 

56.19 



6 

10 

5.33 

.81 

.37 



5 

11 

65.61 

2.55 

56.33 



5 

10 

47.50 

2.42 

57.46 



4 

10 

5.88 

9.70 

3.47 



4 

9 

10.44 

.85 

14.21 



4 

7 

22.64 

1.49 

20.37 



3 

8 

1.33 

1.00 

.11 



3 

7 

17.19 

3.00 

20.07 



3 

6 

26.35 

2.10 

30.80 

8.504 

12 C 

403 A MeV a 

5 


106.0 

1.59 

114.62 



4 


29.6 

.89 

40.79 

.929 

12 C 

418 A Me V a 

5 


111.2 

1.67 

114.50 



4 


32.1 

.96 

40.66 

.949 

12 C 

561 A Me V a 

5 


108.7 

1.63 

113.07 



4 


30.3 

.91 

40.16 

1.295 

12 C 

600 A MeV c 

6 

11 

53.6 

.80 

54.1 



6 

10 

2.1 

.11 

.3 



5 

11 

70.7 

1.06 

54.3 



5 

10 

38.6 

.58 

55.3 



4 

10 

5.6 

.28 

3.3 



4 

9 

9.6 

.29 

13.52 



4 

7 

15.5 

.47 

19.53 

3.092 

12 C 

693 A MeV a 

5 


110.1 

1.65 

112.41 



4 


34.9 

1.05 

39.76 

0.321 


19 


















Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 

Projectile 

charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

12 C 

915 A Me V a 

5 


109.4 

1.64 

111.1 



4 


33.6 

1.01 

39.0 

0.387 

12 C 

1016 AMeV a 

5 


113.2 

1.70 

110.8 



4 


36.8 

1.10 

39.0 

.072 

12 C 

1050 A MeV d 

6 

11 

44.70 

2.80 

52.7 



6 

10 

4.44 

.24 

.4 



5 

11 

48.60 

2.40 

52.9 



5 

10 

27.90 

2.20 

54.4 



4 

10 

5.34 

.29 

3.2 



4 

9 

10.70 

.50 

13.1 



4 

7 

18.60 

.90 

19.0 



3 

8 

2.40 

.18 

.1 



3 

7 

21.50 

1.10 

20.5 



3 

6 

27.10 

2.20 

28.5 



2 

6 

1.83 

.19 

.4 

10.836 

12 C 

1572 A MeV a 

5 


103.9 

1.56 

109.2 



4 


35.6 

1.07 

38.1 

.211 

12 C 

2100 AMeV d 

6 

11 

46.50 

2.30 

51.3 



6 

10 

4.11 

.22 

.3 



5 

11 

53.80 

2.70 

51.6 



5 

10 

35.10 

3.40 

53.7 



4 

10 

5.81 

.29 

3.2 



4 

9 

10.63 

.53 

12.7 



4 

7 

18.61 

.93 

18.5 



3 

8 

2.18 

.15 

.1 



3 

7 

21.50 

1.10 

20.0 



3 

6 

30.00 

2.40 

27.9 



2 

6 

2.21 

.22 

.4 

9.456 

14 n 

516 A Me V a 

6 


169.2 

2.54 

124.0 



5 


63.1 

1.89 

85.8 



4 


27.9 

.84 

33.8 

7.828 








Table 3. Continued 








Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 

Projectile 

charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

16 0 

441 A MeV a 

7 


162.9 

2.44 

133.8 



6 


160.2 

2.40 

111.3 



5 


60.7 

1.82 

75.7 



4 


13.6 

.65 

32.9 

9.718 

16 0 

491 AMeV a 

7 


146.4 

2.20 

133.3 



6 


146.2 

2.19 

110.6 



5 


54.7 

1.64 

75.5 



4 


13.4 

.67 

32.8 

7.491 

16 0 

669 A MeV a 

7 


158.5 

2.38 

131.7 



6 


159.6 

2.39 

109.3 



5 


56.5 

1.69 

74.7 



4 


17.3 

.87 

32.3 

10.661 

16 0 

903 A MeV a 

7 


154.4 

2.32 

130.4 



6 


152.9 

2.29 

108.2 



5 


52.4 

1.57 

73.9 



4 


20.3 

1.02 

32.1 

8.331 

16 0 

1563 A MeV a 

7 


125.3 

1.88 

128.4 



6 


123.2 

1.85 

106.1 



5 


46.6 

1.40 

72.8 



4 


18.2 

.91 

31.7 

4.500 

16 0 

2100 A Me V d 

8 

15 

42.90 

2.30 

57.6 



8 

14 

1.67 

.12 

.6 



7 

15 

54.20 

2.90 

58.0 



7 

14 

41.80 

3.30 

61.7 



7 

13 

8.06 

.42 

6.9 



7 

12 

.73 

.07 

.3 



6 

14 

4.71 

.31 

10.8 



6 

13 

27.70 

1.40 

47.7 



6 

12 

65.10 

5.20 

40.3 



6 

11 

18.46 

.92 

6.0 



6 

10 

2.51 

.16 

.2 



5 

13 

.44 

.05 

.4 



5 

12 

2.44 

2.15 

4.3 



5 

11 

26.0 

1.30 

32.7 














Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 

Projectile 

charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

16 0 

2100 A Me V d 

5 

10 

20.3 

1.60 

32.3 



4 

11 

.19 

.03 

.17 



4 

10 

3.9 

.30 

1.9 



4 

9 

9.0 

.51 

9.8 



4 

7 

22.3 

1.10 

16.5 



3 

8 

2.5 

.18 

.09 



3 

7 

26.3 

1.30 

17.9 



3 

6 

35.9 

2.90 

26.2 



2 

6 

2.0 

.21 

.3 

8.018 

■°Ne 

468 A MeV a 

9 


106.3 

1.60 

129.9 



8 


181.0 

2.72 

136.0 



7 


134.5 

4.04 

103.5 



6 


135.1 

4.05 

85.9 



5 


53.7 

2.69 

70.9 

12.132 

2() Ne 

599 A MeV a 

9 


91.6 

.14 

128.8 



8 


150.6 

2.26 

134.7 



7 


111.1 

3.33 

102.6 



6 


125.9 

3.78 

85.2 



5 


52.6 

2.63 

72.2 

7.607 

20 Ne 

608 A MeV a 

9 


96.9 

1.45 

128.7 



8 


159.5 

2.39 

134.6 



7 


118.8 

3.56 

102.4 



6 


120.2 

3.61 

85.2 



5 


53.6 

2.68 

70.2 

6.655 

2() Ne 

1057 A MeV a 

9 


87.6 

1.31 

126.2 



8 


140.1 

2.10 

132.1 



7 


103.0 

3.09 

100.7 



6 


119.8 

3.59 

83.7 



5 


57.2 

2.86 

69.3 

6.003 

23 Na 

461 A Me V a 

10 


132.3 

1.98 

179.7 



9 


62.1 

1.86 

118.0 



8 


106.1 

3.18 

94.1 



7 


89.3 

2.68 

79.8 



6 


101.2 

3.04 

70.5 



11.007 










309 A MeV 








/4 Mg 

1455 A MeV 






47.8 

2.22 

112.2 

33.0 

2.00 

147.0 

58.1 

1.74 

109.3 

36.6 

2.05 

89.8 

89.3 

2.68 

77.6 

14.3 

3.43 

69.1 

39.8 

1.99 

59.0 

24.3 

1.86 

110.5 

11.0 

1.67 

139.5 

56.3 

1.69 

107.2 

19.7 

1.80 

88.5 

89.4 

2.68 

76.5 

20.4 

3.61 

68.4 

48.1 

2.41 

58.3 

16.1 

1.74 

108.7 

02.2 

1.53 

137.3 

48.7 

1.46 

105.8 

03.5 

1.55 

87.2 

75.9 

2.28 

75.7 

08.6 

3.26 

67.6 

45.6 

4.56 

58.0 

16.4 

1.75 

106.6 

01.5 

1.52 

134.0 

48.0 

1.44 

103.8 

06.5 

1.60 

85.7 

73.8 

2.21 

74.4 

06.6 

3.20 

66.8 

48.6 

2.43 

57.6 

82.1 

2.73 

163.7 

95.6 

1.43 

123.5 

89.4 

1.34 

97.7 

37.6 

1.88 

82.8 

81.5 

2.44 

72.8 

60.2 

1.81 

65.3 

74.1 

3.71 

59.3 









Table 3. Continued 


Projectile 

Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

Chi square per 
degree of 
freedom (n) 

27 A1 







582 A MeV a 

5 


37.6 

3.76 

51.5 








5.330 

40 Ar 







600 A MeV c 

18 

39 

146.4 

2.20 

63.7 



18 

38 

72.3 

1.08 

68.8 



18 

37 

8.4 

.43 

29.7 



17 

39 

39.1 

.59 

63.7 



17 

38 

34.9 

.52 

9.5 



17 

37 

59.3 

.89 

35.9 



17 

36 

38.0 

.57 

49.1 



17 

35 

12.3 

.61 

28.2 



16 

38 

.8 

.08 

.1 



16 

37 

5.1 

.26 

1.2 



16 

36 

19.3 

.58 

4.6 



16 

35 

32.6 

.49 

22.6 



16 

34 

51.0 

.77 

39.8 



16 

33 

15.3 

.46 

28.0 



16 

32 

1.1 

.11 

5.8 



15 

35 

1.2 

.12 

.6 



15 

34 

6.3 

.32 

2.7 



15 

33 

23.8 

.36 

14.7 



15 

32 

35.9 

1.80 

33.4 



15 

31 

24.0 

1.20 

27.9 



15 

30 

2.2 

.22 

6.9 



14 

32 

4.1 

.21 

1.7 



14 

31 

17.6 

.53 

9.6 



14 

30 

40.1 

.60 

28.2 



14 

29 

27.6 

.41 

27.6 



14 

28 

9.2 

.46 

8.3 



13 

30 

1.2 

.12 

1.1 



13 

29 

11.8 

.35 

6.2 



13 

28 

20.5 

1.03 

23.9 



13 

27 

33.1 

.50 

26.6 



13 

26 

4.2 

.42 

10.0 



12 

27 

4.1 

.21 

3.9 



12 

26 

23.0 

.35 

20.0 



12 

25 

23.1 

.35 

25.7 



12 

24 

12.7 

.38 

11.5 



12 

23 

1.0 

.10 

1.2 








9.591 

40 Ar 







1650 AMeV e 

17 

39 

79.50 

19.50 

61.89 



17 

38 

8.10 

4.05 

9.33 



17 

37 

27.00 

8.85 

34.92 



24 






Table 3. Continued 


Fragment 

Projectile charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 



40 Ar 





1650 A Me V e 17 

36 

49.50 

16.60 

47.71 

17 

35 

51.00 

19.50 

27.34 

17 

34 

12.00 

6.45 

4.93 

16 

38 

4.35 

1.50 

.15 

16 

37 

11.70 

2.70 

1.19 

16 

36 

12.40 

3.00 

4.48 

16 

35 

24.00 

5.40 

21.83 

16 

34 

49.50 

10.80 

38.49 

16 

33 

31.50 

7.05 

27.31 

16 

32 

10.60 

3.00 

5.74 

16 

31 

.54 

.42 

.99 

15 

36 

.615 

.195 

.06 

15 

35 

2.10 

.33 

.58 

15 

34 

5.85 

.825 

2.67 

15 

33 

18.00 

1.80 

14.36 

15 

32 

27.00 

2.70 

32.65 

15 

31 

21.00 

2.10 

27.26 

15 

30 

3.90 

.63 

6.83 

15 

29 

.315 

.195 

1.05 

14 

34 

.01 

.07 

.02 

14 

33 

1.32 

.24 

.30 

14 

32 

3.00 

.24 

1.71 

14 

31 

11.00 

1.80 

9.40 

14 

30 

37.50 

3.15 

27.76 

14 

29 

25.50 

3.00 

26.96 

14 

28 

13.00 

1.95 

8.17 

14 

27 

.69 

.285 

1.11 

13 

32 

.129 

.111 

.01 

13 

31 

.705 

.21 

.15 

13 

30 

3.00 

.405 

1.10 

13 

29 

10.40 

2.25 

6.08 

13 

28 

19.50 

2.40 

23.48 

13 

27 

25.50 

2.85 

26.25 

13 

26 

7.20 

1.28 

9.85 

13 

25 

.315 

.165 

1.17 

12 

30 

.165 

.126 

.01 

12 

29 

.66 

.21 

.01 

12 

28 

2.10 

.495 

.71 

12 

27 

6.75 

1.02 

3.86 

12 

26 

24.00 

2.85 

19.77 

12 

25 

22.50 

3.45 

25.33 

12 

24 

14.20 

1.80 

11.46 

12 

23 

.96 

.315 

1.25 

11 

27 

.36 

.135 

.03 


Chi square per 
degree of 
freedom (n) 






Table 3. Continued 


Projectile charge 


1650 A Me V 


Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

26 

2.40 

0.51 

0.45 

25 

7.90 

1.05 

2.42 

24 

12.60 

2.10 

15.91 

23 

22.50 

3.15 

24.49 

22 

8.25 

1.65 

13.13 

21 

.255 

.123 

1.38 

25 

.21 

.146 

.02 

24 

1.80 

.45 

.27 

23 

4.80 

.54 

1.53 

22 

12.30 

2.25 

12.49 

21 

16.50 

2.55 

22.93 

20 

8.55 

1.80 

14.72 

19 

.705 

.36 

1.61 

22 

.765 

.285 

.15 

21 

4.35 

.81 

.98 

20 

7.20 

1.95 

9.46 

19 

11.70 

2.25 

21.69 

18 

5.40 

1.32 

15.93 

17 

.345 

.315 

1.88 

20 

.33 

.088 

.09 

19 

3.60 

.645 

.64 

18 

6.75 

1.44 

6.81 

17 

9.75 

2.40 

20.31 

16 

14.20 

3.45 

16.71 

15 

1.23 

.615 

2.18 

14 

.086 

.111 

.16 

18 

.60 

.24 

.04 

17 

2.25 

.57 

.41 

16 

4.65 

1.30 

4.65 

15 

18.00 

5.10 

18.79 

14 

8.70 

2.70 

17.23 

13 

.75 

.48 

2.52 

16 

.375 

.165 

.02 

15 

1.17 

.675 

.25 

14 

4.35 

1.50 

3.03 

13 

10.00 

3.00 

17.25 

12 

10.20 

3.30 

17.45 

11 

1.215 

.555 

2.88 

10 

.18 

.24 

.11 

13 

1.455 

.555 

.14 

12 

2.25 

.855 

1.86 

11 

7.80 

2.70 

15.64 

10 

4.05 

1.485 

17.18 

9 

.495 

.27 

1.29 


Chi square per 
degree of 
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Table 3. Continued 


Projectile 

Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

Chi square per 
degree of 
freedom (n) 

56 Fe 

724 A MeV a 

18 


47.8 

2.39 

61.3 



17 


35.5 

1.78 

57.0 



16 


39.6 

1.98 

53.3 



15 


29.3 

2.93 

49.8 



14 


44.3 

4.43 

46.9 


56 Fe 

944 A MeV a 

25 


177.8 

2.67 

190.2 

3.243 


24 


130.4 

1.96 

127.8 



23 


86.7 

2.61 

104.2 



22 


85.3 

2.56 

89.6 



21 


66.7 

2.00 

79.2 



20 


60.2 

1.81 

71.9 



19 


41.4 

2.07 

66.0 



18 


43.4 

2.17 

61.1 



17 


37.6 

1.88 

56.9 



16 


43.9 

2.19 

53.1 



15 


29.8 

2.98 

49.9 



14 


43.7 

4.37 

46.7 


56 Fe 

1086 A MeV a 

25 


157.7 

2.37 

189.3 

3.231 


24 


113.3 

1.70 

127.3 



23 


77.9 

2.34 

103.8 



22 


76.4 

2.29 

89.3 



21 


56.4 

1.69 

79.1 



20 


57.8 

1.73 

71.8 



19 


40.7 

2.04 

65.8 



18 


42.1 

2.10 

61.1 



17 


35.4 

1.77 

56.8 



16 


40.6 

2.03 

53.1 



15 


28.5 

2.85 

49.9 



14 


44.1 

4.41 

46.6 



13 


27.2 

2.72 

44.0 



12 


35.9 

3.57 

41.7 

4.831 

56 Fe 

1409 A MeV a 

25 


162.2 

2.43 

188.1 



24 


106.8 

1.60 

126.3 



23 


73.5 

2.21 

103.0 



22 


72.7 

2.18 

88.8 



21 


53.3 

1.60 

78.7 



20 


56.9 

1.71 

71.6 



19 


40.8 

2.04 

65.6 



30 







Table 3. Continued 


Projectile 


Chi square per 

Fragment Fragment Experiment cross Experiment NUCFRG2 degree of 
charge mass number section, mb uncertainty, mb cross section, mb freedom (n) 


1409 A MeV‘ 


30 Fe 

1512 A Me V 


3l3 Fe 

1570 A MeV 


18 


40.3 

2.02 

17 


35.7 

1.79 

16 


42.3 

2.11 

15 


34.6 

3.46 

14 


42.3 

4.23 

13 


28.4 

2.84 

12 


33.6 

3.36 

25 


160.2 

2.40 

24 


102.4 

1.54 

23 


79.5 

2.39 

22 


79.3 

2.38 

21 


57.1 

1.71 

20 


55.7 

1.67 

19 


41.3 

2.07 

18 


39.5 

1.98 

17 


33.6 

1.68 

16 


39.7 

1.99 

15 


31.1 

3.11 

14 


40.9 

4.09 

13 


28.5 

2.85 

12 


34.2 

3.42 

25 


140.73 

3.36 

24 


105.33 

2.69 

23 


79.32 

2.31 

22 


75.17 

2.23 

21 


57.29 

1.92 

20 


63.37 

2.01 

19 


43.62 

1.64 

18 


47.65 

1.72 

17 


41.45 

1.59 

16 


46.47 

1.68 

15 


39.45 

1.53 

14 


50.99 

1.75 

13 


41.23 

1.55 

12 


45.45 

1.62 

11 


35.83 

1.42 

10 


44.79 

1.59 






Projectile 

Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

Chi square per 
degree of 
freedom (n) 

56 Fe 







1615 AMeV a 

25 


150.6 

2.26 

187.5 



24 


99.7 

1.50 

125.9 



23 


74.7 

2.24 

102.7 



22 


73.7 

2.21 

88.5 



21 


54.5 

1.64 

78.5 



20 


54.8 

1.64 

71.5 



19 


38.4 

1.92 

65.6 



18 


38.6 

1.93 

60.6 



17 


33.7 

1.69 

56.8 



16 


36.0 

1.80 

53.1 



15 


28.1 

2.81 

49.7 



14 


38.3 

3.83 

46.8 



13 


25.7 

2.57 

44.0 



12 


28.9 

2.87 

41.6 








6.499 

56 Fe 







1880 AMeV g 

25 


181.0 

27.0 

186.8 



24 


124.0 

13.0 

125.3 



23 


100.0 

11.0 

102.5 



22 


87.0 

11.0 

88.3 



21 


54.0 

9.0 

78.3 



20 


78.0 

11.0 

71.2 



19 


52.0 

7.0 

65.5 



18 


55.0 

9.0 

60.7 



17 


53.0 

7.0 

56.7 



16 


54.0 

10.0 

53.0 



15 


59.0 

10.0 

49.7 



14 


57.0 

10.0 

46.9 



13 


83.0 

11.0 

44.1 



3.864 









Table 4. Chi Square Analysis of Fragmentation Cross Sections of Carbon Projectile Ions on 

Targets Other Than Carbon 

[See page 36 for footnote] 


Target 

Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

9 Be 






1050 A MeV a 

6 

11 

44.70 

2.60 

52.88 


6 

10 

4.02 

.23 

.35 


5 

11 

50.70 

3.20 

52.99 


5 

10 

28.80 

2.30 

55.01 


4 

10 

5.08 

.39 

3.32 


4 

9 

11.60 

.76 

13.14 


4 

7 

17.80 

.90 

19.03 


3 

9 

.75 

.08 

.03 


3 

8 

2.36 

.14 

.10 


3 

7 

23.40 

1.20 

20.61 


3 

6 

24.80 

2.00 

29.03 


2 

6 

2.09 

.17 

.37 

9 Be 






2100 A Me V a 

6 

11 

46.70 

2.30 

51.51 


6 

10 

4.20 

.21 

.34 


5 

11 

53.20 

2.90 

51.64 


5 

10 

31.10 

2.60 

53.81 


4 

10 

5.97 

.31 

3.25 


4 

9 

10.98 

.55 

12.85 


4 

7 

18.91 

.95 

18.66 


3 

9 

.92 

.08 

.03 


3 

8 

2.52 

.16 

.10 


3 

7 

22.80 

1.10 

20.23 


3 

6 

33.10 

2.70 

28.37 


2 

6 

2.54 

.25 

.36 

27 A1 






1050 A MeV a 

6 

11 

57.80 

3.90 

59.27 


6 

10 

5.06 

.37 

.38 


5 

11 

64.50 

5.30 

60.09 


5 

10 

30.40 

3.50 

59.66 


4 

10 

6.49 

.48 

3.60 


4 

9 

13.90 

.90 

14.34 


4 

7 

19.90 

1.10 

20.80 


3 

9 

.82 

.16 

.04 


3 

8 

2.87 

.27 

.11 


3 

7 

28.50 

1.40 

22.53 


3 

6 

24.90 

2.90 

31.62 


2 

6 

2.00 

.29 

.40 













Target 

Vjd 

2100 A Me V a 


63 Cu 

1050 A MeV a 


63 Cu 

2100 A Me V a 


Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

Chi square per 
degree of 
freedom (n) 

6 

11 

59.50 

3.10 

58.69 


6 

10 

4.99 

.34 

.37 


5 

11 

65.20 

4.80 

59.84 


5 

10 

36.40 

4.80 

58.27 


4 

10 

7.02 

.40 

3.52 


4 

9 

12.74 

.71 

14.02 


4 

7 

25.80 

1.30 

20.43 


3 

9 

.88 

.12 

.04 


3 

8 

2.79 

.23 

.11 


3 

7 

27.30 

1.40 

22.14 


3 

6 

36.30 

2.90 

30.64 


2 

6 

2.82 

.27 

.39 

13.846 

6 

11 

78.10 

8.10 

70.91 


6 

10 

7.53 

.70 

.43 


5 

11 

80.10 

7.90 

73.88 


5 

10 

36.40 

9.90 

67.08 


4 

10 

7.69 

.61 

4.05 


4 

9 

14.30 

1.20 

16.29 


4 

7 

25.00 

1.90 

23.08 


3 

9 

1.05 

.38 

.04 


3 

8 

3.99 

.70 

.12 


3 

7 

32.60 

1.90 

25.00 


3 

6 

33.10 

6.00 

35.91 


2 

6 

3.01 

.68 

.46 

23.774 

6 

11 

81.40 

6.30 

72.59 


6 

10 

5.38 

.55 

.42 


5 

11 

84.40 

9.00 

77.16 


5 

10 

43.70 

9.80 

66.28 


4 

10 

8.57 

.70 

4.00 


4 

9 

16.10 

1.30 

15.88 


4 

7 

33.70 

2.30 

22.85 


3 

9 

1.38 

.36 

.04 


3 

8 

3.89 

.47 

.12 


3 

7 

31.90 

2.30 

24.75 


3 

6 

47.30 

4.50 

35.30 


2 

6 

3.21 

.47 

.45 

23.436 
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Table 4. Continued 


Targe 


107 Ag 

1050 A MeV a 


107 Ag 

2100 A Me V a 


2°8 pb 

1050 A MeV a 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

L 

6 

11 

98.00 

13.00 

83.18 

6 

10 

7.70 

1.00 

.47 

5 

11 

110.00 

15.00 

89.42 

5 

10 

43.00 

12.00 

74.01 

4 

10 

8.40 

1.20 

4.47 

4 

9 

23.70 

2.70 

17.35 

4 

7 

21.60 

2.70 

25.05 

3 

9 

1.15 

.49 

.04 

3 

8 

2.80 

1.20 

.14 

3 

7 

42.10 

3.40 

27.14 

3 

6 

38.10 

7.60 

38.30 

2 

6 

3.60 

1.40 

.49 

6 

11 

101.90 

9.60 

89.88 

6 

10 

7.03 

.88 

.47 

5 

11 

109.00 

13.00 

100.17 

5 

10 

65.00 

17.00 

73.03 

4 

10 

8.81 

.91 

4.41 

4 

9 

18.60 

1.70 

17.10 

4 

7 

41.20 

3.30 

24.63 

3 

9 

1.20 

.33 

.04 

3 

8 

3.27 

.53 

.13 

3 

7 

40.30 

3.30 

26.68 

3 

6 

46.10 

5.60 

37.56 

2 

6 

3.50 

1.10 

.48 

6 

11 

128.00 

22.00 

106.46 

6 

10 

10.90 

1.70 

.54 

5 

11 

149.00 

25.00 

120.13 

5 

10 

51.00 

18.00 

83.37 

4 

10 

10.90 

1.80 

5.04 

4 

9 

22.20 

3.70 

19.68 

4 

7 

37.80 

4.70 

28.02 

3 

9 

1.76 

.81 

.05 

3 

8 

4.90 

1.60 

.16 

3 

7 

45.20 

4.80 

30.36 

3 

6 

51.00 

13.00 

42.94 

2 

6 

7.30 

2.70 

.55 


Chi square per 
degree of 






Table 4. Concluded 








Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 

Target 

charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

208 pb 

2100 A MeV a 

6 

11 

145.00 

17.00 

128.19 



6 

10 

7.80 

1.50 

.53 



5 

11 

155.00 

23.00 

153.25 



5 

10 

74.00 

25.00 

82.40 



4 

10 

10.00 

1.40 

4.98 



4 

9 

22.50 

2.60 

19.36 



4 

7 

47.90 

4.90 

27.44 



3 

9 

1.43 

.53 

.05 



3 

8 

3.40 

.82 

.15 



3 

7 

45.90 

4.60 

29.73 



3 

6 

60.00 

8.50 

43.42 



2 

6 

4.20 

1.10 

.55 

21.363 


a From references 37 and 39. 
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Table 5. Chi Square Analysis of Fragmentation Cross Sections of Oxygen Projectile Ions on 

Targets Other Than Carbon 

[See page 39 for footnote] 



arget 


9 Be 

2100 A MeV a 


27 A1 

2100 A MeV a 


b3 Cu 

2100 A MeV a 


Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 



8 

15 

43.00 

2.20 

57.60 

8 

14 

1.60 

.10 

.60 

7 

15 

54.10 

2.70 

57.80 

7 

14 

49.50 

4.00 

63.00 

7 

13 

8.01 

.40 

7.04 

7 

12 

.66 

.05 

.33 

6 

14 

5.21 

.30 

11.10 

6 

13 

28.60 

1.40 

48.20 

6 

12 

60.80 

4.90 

40.91 

6 

11 

21.00 

1.10 

6.08 

6 

10 

2.81 

.17 

.21 

5 

13 

.50 

.04 

.41 

5 

12 

2.75 

.15 

4.36 

5 

11 

27.50 

1.40 

32.95 

5 

10 

19.20 

1.50 

33.02 

4 

10 

3.92 

.27 

1.99 

4 

9 

9.79 

.50 

9.91 

4 

7 

22.00 

1.10 

16.83 

3 

7 

27.00 

1.40 

18.24 

3 

6 

33.50 

2.70 

26.60 

7 

15 

66.00 

4.30 

69.48 

6 

14 

6.29 

.46 

12.59 

6 

13 

31.40 

2.00 

55.56 

5 

12 

3.61 

.24 

5.03 

5 

11 

31.00 

1.60 

37.64 

4 

9 

11.22 

.68 

11.34 

3 

7 

34.80 

1.80 

21.12 

8 

15 

74.00 

7.80 

85.47 

8 

14 

2.14 

.42 

.78 

7 

15 

98.20 

9.80 

92.10 

7 

14 

72.00 

14.00 

82.02 

7 

13 

14.70 

1.60 

9.22 

7 

12 

.42 

.18 

.43 

6 

14 

7.76 

.92 

14.45 

6 

13 

35.80 

3.70 

63.11 

6 

12 

92.00 

14.00 

53.65 

6 

11 

27.00 

2.60 

7.91 

6 

10 

4.45 

.52 

.27 


Chi square per 
degree of 






2°8 pb 

2100 A Me V 







Table 5. Concluded 








Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 

Target 

charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

2°8p b 

2100 A MeV a 

5 

13 

0.70 

0.44 

0.68 



5 

12 

3.98 

.75 

7.07 



5 

11 

52.90 

5.90 

53.67 



5 

10 

35.70 

11.00 

52.95 



4 

10 

6.80 

1.10 

3.20 



4 

9 

15.30 

2.10 

16.36 



4 

7 

43.30 

6.40 

27.84 



3 

7 

39.70 

4.30 

30.17 



3 

6 

56.00 

13.00 

42.04 

17.217 


a From references 37 and 39. 
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Table 6. Chi Square Analysis of Fragmentation Cross Sections of Argon Projectile Ions on 

Targets Other Than Carbon 

[See page 41 for footnote] 


Target 

Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

Chi square per 
degree of 
freedom (n) 

KC1 







1650 A Me V a 


34 

17.00 

10.00 

6.05 



17 

35 

38.00 

15.00 

33.26 



17 

36 

6.80 

3.80 

57.01 



17 

37 

42.00 

31.00 

41.18 



17 

39 

56.00 

29.00 

87.56 



16 

31 

1.90 

1.50 

1.23 



16 

32 

20.00 

6.30 

7.08 



16 

33 

41.00 

8.50 

33.54 



16 

34 

50.00 

11.00 

47.23 



16 

35 

32.00 

8.60 

26.56 



16 

36 

29.00 

6.00 

5.35 



16 

37 

19.00 

4.10 

1.40 



16 

38 

9.90 

2.70 

.18 



15 

29 

.42 

.33 

1.33 



15 

30 

7.40 

1.70 

8.53 



15 

31 

21.00 

3.80 

33.93 



15 

32 

25.00 

3.00 

40.25 



15 

33 

22.00 

5.70 

17.64 



15 

34 

2.10 

1.50 

3.27 



15 

35 

2.80 

.93 

.71 



15 

36 

.20 

.07 

.07 



14 

27 

1.40 

.60 

1.42 



14 

28 

15.00 

2.80 

10.41 



14 

29 

38.00 

5.20 

33.97 



14 

30 

43.00 

5.20 

34.70 



14 

31 

14.00 

9.00 

11.70 



14 

32 

1.50 

1.80 

2.11 



14 

33 

.54 

.89 

.37 



14 

34 

.16 

.10 

.03 



13 

25 

.86 

.44 

1.53 



13 

26 

8.00 

1.30 

12.57 



13 

27 

37.00 

4.30 

33.54 



13 

28 

18.00 

4.70 

29.91 



13 

29 

22.00 

5.30 

7.66 



13 

30 

1.50 

.49 

1.38 



13 

31 

.58 

.32 

.19 



12 

23 

.40 

.18 

1.62 



12 

24 

21.00 

3.50 

14.83 



12 

25 

26.00 

3.90 

33.08 



12 

26 

29.00 

3.20 

25.24 



12 

27 

10.00 

4.70 

4.93 



12 

28 

.42 

.80 

.90 
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Table 6. Concluded 








Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 


charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

KC1 

1650 A Me V a 

12 

29 

0.68 

0.34 

0.09 



11 

21 

.76 

.80 

1.84 



11 

22 

12.00 

2.20 

17.37 



11 

23 

30.00 

5.90 

31.67 



11 

24 

19.00 

4.30 

20.60 



11 

25 

5.20 

2.90 

3.17 



11 

26 

1.70 

1.40 

.57 



10 

19 

.46 

.24 

2.16 



10 

20 

14.00 

3.30 

19.69 



10 

21 

25.00 

4.50 

30.40 



10 

22 

16.00 

2.70 

16.52 



10 

23 

5.50 

1.70 

1.98 



10 

24 

1.40 

.51 

.35 



9 

18 

5.80 

2.00 

21.65 



9 

19 

16.00 

3.30 

29.02 



9 

20 

9.10 

1.90 

12.66 



9 

21 

4.60 

1.70 

1.30 



9 

22 

2.20 

.93 

.20 



8 

15 

2.00 

1.10 

3.02 



8 

16 

24.00 

6.10 

23.14 



8 

17 

17.00 

3.80 

27.18 



8 

18 

8.30 

2.50 

9.26 



8 

19 

6.10 

1.40 

.86 



8 

20 

.99 

.30 

.11 



7 

13 

1.20 

.76 

3.57 



7 

14 

12.00 

5.30 

24.04 



7 

15 

27.00 

7.00 

26.01 



7 

16 

7.70 

3.10 

6.44 



7 

17 

4.80 

.73 

.56 



6 

10 

.48 

.55 

.16 



6 

11 

1.50 

.67 

4.16 



6 

12 

14.00 

6.00 

24.66 



6 

13 

13.00 

4.20 

24.42 



6 

14 

4.00 

2.70 

4.23 



6 

15 

2.80 

.98 

.35 



5 

9 

1.20 

.88 

1.89 



5 

10 

5.60 

1.80 

24.83 



5 

11 

11.00 

3.70 

22.55 



5 

12 

1.60 

1.70 

2.63 



5 

13 

1.90 

2.00 

.21 

14.886 


a From reference 21. 
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Table 7. Chi Square Analysis of Fragmentation Cross Sections of Iron Projectile Ions on 

Targets Other Than Carbon 


[See page 45 for footnotes] 


I 



1880 A Me V 


J Be 

1880 A Me V 


■'Al 

1569 A Me V 






Table 7. Continued 



Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

Chi square per 
degree of 
freedom (n) 

27 A1 

1569 A MeV b 

13 


45.37 

1.82 

50.85 



12 


51.76 

1.94 

48.17 



11 


45.23 

1.81 

46.10 



10 


49.11 

1.88 

43.75 


32 S 

1880 A Me V a 

25 


250.00 

22.00 

219.02 

2.354 


24 


128.00 

16.00 

140.59 



23 


86.00 

16.00 

115.73 



22 


64.00 

10.00 

100.47 



21 


91.00 

13.00 

89.77 



20 


97.00 

14.00 

81.95 



19 


55.00 

21.00 

75.66 



18 


74.00 

13.00 

70.46 



17 


66.00 

14.00 

66.35 



16 


74.00 

12.00 

62.24 



15 


50.00 

8.00 

58.95 



14 


106.00 

14.00 

55.66 



13 


78.00 

18.00 

52.98 


63 Cu 

1569 A MeV b 

25 


238.96 

6.78 

265.32 

7.376 


24 


147.44 

3.73 

158.74 



23 


98.89 

3.00 

132.79 



22 


98.45 

2.97 

116.63 



21 


73.64 

2.57 

105.32 



20 


80.32 

2.67 

97.14 



19 


59.98 

2.31 

90.85 



18 


61.18 

2.32 

85.56 



17 


49.41 

2.09 

81.17 



16 


59.58 

2.27 

77.52 



15 


49.82 

2.08 

74.04 



14 


72.20 

2.48 

70.87 



13 


51.47 

2.10 

68.46 



12 


61.03 

2.27 

66.09 



11 


50.17 

2.06 

64.08 



10 


54.55 

2.14 

62.03 


63 Cu 

1880 A MeV a 

25 


219.00 

20.00 

268.30 

4.867 


24 


149.00 

16.00 

158.27 



23 


121.00 

15.00 

132.58 



22 


101.00 

14.00 

116.20 



21 


100.00 

15.00 

105.34 



20 


98.00 

14.00 

97.25 
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Table 7. Continued 








Chi square per 


Fragment 

Fragment 

Experiment cross 

Experiment 

NUCFRG2 

degree of 


charge 

mass number 

section, mb 

uncertainty, mb 

cross section, mb 

freedom (n) 

63 Cu 

1880 A MeV a 

19 


88.00 

14.00 

90.84 



18 


95.00 

15.00 

85.56 



17 


86.00 

13.00 

81.40 



16 


56.00 

11.00 

77.47 



15 


88.00 

15.00 

74.00 



14 


72.00 

11.00 

70.95 



13 


179.00 

27.00 

68.58 

15.432 

l° 7 A g 

1880 A Me V a 

25 


280.00 

23.00 

341.73 



24 


218.00 

21.00 

170.26 



23 


117.00 

15.00 

143.15 



22 


124.00 

16.00 

126.07 



21 


104.00 

13.00 

1 14.45 



20 


118.00 

14.00 

105.98 



19 


79.00 

11.00 

99.32 



18 


84.00 

14.00 

93.97 



17 


79.00 

14.00 

89.40 



16 


96.00 

13.00 

85.33 



15 


64.00 

13.00 

81.89 



14 


158.00 

20.00 

78.77 



13 


112.00 

19.00 

76.30 

10.746 

181 Ta 

1880 A MeV a 

26 


56.00 

82.00 

659.47 



25 


457.00 

34.00 

472.04 



24 


206.00 

22.00 

184.56 



23 


150.00 

19.00 

156.03 



22 


152.00 

19.00 

137.52 



21 


129.00 

18.00 

125.26 



20 


107.00 

17.00 

116.49 



19 


111.00 

20.00 

109.34 



18 


100.00 

18.00 

103.61 



17 


101.00 

18.00 

99.05 



16 


109.00 

17.00 

94.48 



15 


133.00 

20.00 

91.22 



13 


81.00 

14.00 

85.37 

44.585 

2°8p b 

1563 A MeV b 

25 


500.52 

13.42 

491.81 



24 


223.00 

6.18 

189.75 



23 


130.18 

4.64 

159.71 



22 


135.00 

4.67 

141.33 



21 


104.01 

4.11 

128.57 



20 


98.20 

3.98 

119.27 
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Table 7. Concluded 


Target 

Fragment 

charge 

Fragment 
mass number 

Experiment cross 
section, mb 

Experiment 
uncertainty, mb 

NUCFRG2 
cross section, mb 

Chi square per 
degree of 
freedom (n) 

2°8p b 

1563 A MeV b 

19 


79.76 

3.60 

112.27 



18 


77.23 

3.54 

106.34 



17 


59.97 

3.14 

101.80 



16 


75.75 

3.47 

97.07 



15 


63.66 

3.19 

93.81 



14 


86.28 

3.65 

90.52 



13 


61.90 

3.12 

87.75 



12 


74.14 

3.38 

85.15 



11 


66.19 

3.20 

83.33 


208p b 

1880 A Me V a 

25 


509.00 

40.00 

522.88 

5.457 


24 


242.00 

25.00 

189.22 



23 


142.00 

20.00 

159.56 



22 


148.00 

22.00 

141.41 



21 


111.00 

17.00 

128.62 



20 


144.00 

22.00 

119.33 



19 


90.00 

19.00 

112.31 



18 


73.00 

15.00 

106.64 



17 


90.00 

19.00 

101.65 



16 


116.00 

19.00 

97.65 



15 


78.00 

16.00 

93.67 



14 


119.00 

22.00 

90.71 



13 


191.00 

37.00 

87.82 


238u 

1880 A MeV a 

25 


646.00 

43.00 

582.03 

13.641 


24 


208.00 

22.00 

193.87 



23 


181.00 

27.00 

163.80 



22 


95.00 

16.00 

144.57 



21 


153.00 

21.00 

132.02 



20 


143.00 

19.00 

122.79 



19 


105.00 

15.00 

115.3 



18 


113.00 

19.00 

109.7 



17 


133.00 

22.00 

104.7 



16 


116.00 

22.00 

100.2 



15 


176.00 

34.00 

96.56 



14 


169.00 

28.00 

93.24 



13 


307.00 

79.00 

90.97 

52.651 


a From reference 34. 
b From reference 20. 
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